PTH regulates serum calcium, phosphate, and 1,25-dihydroxyvitamin D (1,25(OH) 2 D) levels by acting on bone and kidney. In renal proximal tubules (PTs), PTH inhibits reabsorption of phosphate and stimulates the synthesis of 1,25(OH) 2 D. The PTH receptor couples to multiple G proteins. We here ablated the ␣-subunit of the stimulatory G protein (Gs␣) in mouse PTs by using Cre recombinase driven by the promoter of type-2 sodium-glucose cotransporter (Gs␣ Sglt2KO mice S erum calcium and phosphate levels are tightly regulated by the actions of several hormones including PTH, 1,25-dihydroxyvitamin D (1,25(OH) 2 D), and fibroblast growth factor-23 (FGF23) (1-5). PTH acts on the renal proximal tubule (PT) to inhibit reabsorption of phosphate by reducing protein levels of the sodium-phosphate cotransporters on the apical membrane and to increase the circulating levels of 1,25(OH) 2 D by inducing
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erum calcium and phosphate levels are tightly regulated by the actions of several hormones including PTH, 1,25-dihydroxyvitamin D (1,25(OH) 2 D), and fibroblast growth factor-23 (FGF23) (1) (2) (3) (4) (5) . PTH acts on the renal proximal tubule (PT) to inhibit reabsorption of phosphate by reducing protein levels of the sodium-phosphate cotransporters on the apical membrane and to increase the circulating levels of 1,25(OH) 2 D by inducing the expression of 25-hydroxyvitamin D 1␣-hydroxylase (Cyp27b1) and by destabilizing the transcript encoding vitamin D 24-hydroxylase (Cyp24a1). PTH also acts on bone cells and renal distal tubule, in which it stimulates bone turnover and enhances calcium reabsorption, respectively. FGF23 is a bone-derived phosphaturic hormone, which also acts on PT to increase phosphate excretion. Unlike PTH, however, FGF23 suppresses Cyp27b1 and increases Cyp24a1 mRNA levels, thereby reducing serum 1,25(OH) 2 D. Upon binding to its receptor (vitamin D receptor), 1,25(OH) 2 D stimulates absorption of calcium and phosphate in the gut, reduces PTH synthesis in the parathyroid gland, and exerts negative feedback on its own production by regulating renal levels of Cyp27b1 and Cyp24a1. In addition, 1,25(OH) 2 D has been shown to stimulate FGF23 production in bone. These hormonal interactions and the individual actions of PTH, 1,25(OH) 2 D, and FGF23 in different tissues are key to mineral ion homeostasis (1) (2) (3) (4) (5) .
PTH binds to a cell surface receptor (PTH receptor [PTHR] ) that couples to multiple heterotrimeric G proteins including Gs and Gq/11 in kidney cells (6) . Biochemical studies have shown that both Gs and Gq/11 signaling are involved in mediating the action of PTH on phosphate reabsorption in PT (7) (8) (9) . Recent studies with PTH analogs that specifically activate the Gs pathway and knock-in mice expressing a mutant PTHR defective in Gq/11 activation have indicated that, whereas Gs signaling mediates the acute effects of PTH, Gq/11 signaling is required for long-term PTH effects (10, 11) . Biochemical and in vitro studies have shown that PTH regulates the synthesis of 1,25(OH) 2 D mainly via Gs signaling (12) (13) (14) (15) , although pathways downstream of Gq/11 have also been implicated in this action (16, 17) . The role of Gs has also been investigated through the study of patients with pseudohypoparathyroidism (PHP) type-I. This disorder is caused by mutations disrupting the coding exons or the imprinting control elements of the gene encoding the ␣-subunit of Gs (Gs␣) (18 -20) . Patients with PHP type-I show blunted urinary phosphate excretion in response to PTH injection, as well as a blunted increase in cAMP excretion, consistent with the action of Gs␣ as a stimulator of cAMP generation (18 -20) . Patients with PHP type-I display hypocalcemia and hyperphosphatemia in the presence of elevated serum PTH. The hypocalcemia is presumed to result from insufficient serum 1,25(OH) 2 D.
Although the findings in PHP type-I patients are consistent with the importance of Gs signaling in PTH actions, the genetic mechanisms governing this disorder are complex. The mutations are only on the maternal allele, and the Gs␣ deficiency also requires the silencing of the paternal Gs␣ allele in PT, an epigenetic event that takes place in normal individuals (18 -20) . However, mouse studies have shown that paternal Gs␣ silencing is incomplete in PT, and that paternal Gs␣ ablation also leads to a certain degree of Gs␣ deficiency in this tissue (21) (22) (23) . Accordingly, several studies have reported biochemical evidence of PTH resistance in some patients who carry paternally inherited Gs␣ mutations (24 -29) and in mice in which paternal Gs␣ is ablated universally (23, 30) . Moreover, Gs␣ expression is diminished not only in PT but also in certain other tissues, including, in the case of patients carrying coding Gs␣ mutations (PHP type-Ia), bone and renal distal tubule. Hence, data from patients with PHP type-I and mouse models of this disorder have proven inadequate with respect to understanding of the role of Gs/cAMP signaling in mediating the PT actions of PTH.
In this study, we generated mice with conditional Gs␣ ablation in this tissue (Gs␣ Sglt2KO mice). These mice exhibited PTH resistance, hypocalcemia, and 1,25(OH) 2 D deficiency. In addition, renal Cyp24a1 mRNA levels were elevated, and serum FGF23 tended to be higher than in controls. These findings were also present in mice heterozygous for universal ablation of maternal Gs␣ (E1 mϪ/ϩ mice), ie, a mouse model of PHP type-Ia.
Materials and Methods

Generation and maintenance of mice
To generate PT specific Gs␣ null mice, Gs␣ exon 1 floxed mice (31) were intercrossed to transgenic mice expressing Cre recombinase driven by the promoter of sodium-glucose cotransporter type-2 (Sglt2) (Sglt2-Cre) (32) . Cre-negative, Gs␣ exon 1 floxed littermates were used as controls. For locating Sglt2-Cre activity in kidney Rosa mT/mG reporter strain (JaxMice; stock number 007576) was intercrossed with Sglt2-Cre mice, and for determining the reduction in Gs␣ mRNA, Rosa tdTomato reporter strain (JaxMice; stock number 007914) was intercrossed with Gs␣ exon 1 floxed and Sglt2-Cre mice. E1 mϪ/ϩ mice have been described previously (31) . Gs␣ Sglt2KO and E1 mϪ/ϩ mice were maintained in cluster of differentiation 1 and Friend Virus B backgrounds, respectively. The study and control mice were fed a diet containing 1.11% calcium, 0.80% phosphorus, 2.5-IU/g vitamin D3 (Prolab Isopro RMH 3000; Labdiet). All analyses were performed in 2-to 4-month-old adult mice, except for the fluorescence imaging of kidneys from Sglt2-Cre;Rosa mT/mG double mutants, which were collected at age 4 weeks. All mice in this study were housed in the Center for Comparative Medicine at the Massachusetts General Hospital, and all experiments were approved by the Institutional Subcommittee on Research Animal Care.
Laser cut microdissection (LCM), RNA preparation, and quantitative real-time RT-PCR (qRT-PCR)
Tissues from both genders were used without regard to sex. Kidneys were snap frozen in Optimal Cutting Temperature compound embedding medium (Tissue-Tek). Frozen samples were cut into 8-to 10-m-thick sections on MMI membrane slides (MMI Molecular Machines & Industries). The tubules were isolated by LCM, as described previously (33) . In experiments using Rosa tdTomato reporter, tubules expressing tdTomato were isolated by LCM. Total RNA was extracted using the absolutely RNA Nanoprep kit (Agilent Technologies) according to the manufacturer's instructions. qRT-PCR was performed by using one-step Quanti-Tect RT-PCR kit (QIAGEN) with TaqMan probes using ␤-actin as control (Mm00530548_m1 for G␣s and Mm00607939_s1 for ␤-actin from Applied Biosystems). For PTH-induced alteration of Cyp27b1 mRNA abundance, kidneys were removed 2 hours after injection, snap-frozen in liquid nitrogen, and stored at Ϫ80°C until total RNA isolation. Kidneys for baseline measurements were also snap-frozen immediately after removal and kept at Ϫ80°C until total RNA isolation. Femurs were snap frozen after the removal of distal and proximal heads and subsequent flushing of the bone marrow with PBS. Whole kidney total RNA was isolated by using the RNeasy Plus Mini kit (QIAGEN), and bone total RNA by using TRIzol reagent (Invitrogen). cDNA was synthesized by using the ProtoScript II First stand cDNA synthesis kit (New England Biolabs). SYBR green (Roche) was employed for quantitative PCR, using ␤-actin as control in separate reactions. Primer sequences for amplification of Cyp27b1 and Cyp24a1 transcripts were previously described (34 
Proximal tubule protein isolation, Western blotting, and fluorescence microscopy
Proximal tubule enriched cortices were prepared by the Percoll density gradient method, as described previously (35) . Kidneys were isolated from both genders without regard to sex. Isolated proximal tubule proteins were lysed in a Tris-buffered solution containing 150mM NaCl and 1% Triton X-100 with a protease inhibitor cocktail (Roche). Protein lysates were subsequently separated on 10% SDS-PAGE and analyzed by Western blotting using a polyclonal antibody against the C-terminal decapeptide of Gs␣ (Millipore) (please see Table 1 ). Densitometry was employed for quantitation of Gs␣ protein relative to ␤-actin by using ImageJ (36) . For determining the renal expression of Sglt2-driven Cre recombinase, kidneys of 4-week-old double mutant offspring from Rosa mT/mG and Sglt2-Cre intercrosses were removed and fixed overnight with 4% paraformaldehyde/ PBS; 10-m sections were obtained and visualized under epifluorescence by using Nikon Eclipse E800 microscope. S1/2 and S3 PT segments were recognized by their anatomical location and morphological appearance.
Serum biochemistry measurements
Analyses were performed in both sexes. Blood samples were collected after overnight fasting (with access to water). The heparinized blood sample for ionized calcium measurement, performed by using a Siemens RapidLab 348 Ca2ϩ/pH analyzer, was collected from tail vein, and other samples collected by submandibular bleeding. Serum and urinary phosphate was determined by colorimetric measurements (Wako). Mouse PTH (PTH ) and FGF23 (detecting both the intact peptide and the C-terminal fragment) measurements were conducted with commercial kits (both from Immutopics, Inc). Serum 1,25(OH) 2 D was measured by using a commercial kit (IDS Ltd). The index of fractional phosphate excretion was calculated as previously described (11) . Urinary creatinine was measured by using a commercial kit (Stanbio).
PTH-induced urinary excretion of cAMP and reduction in serum phosphate
Mice were injected sc with a single dose of 50 nmol/kg body weight of human PTH(1-34) synthesized by the Peptide/Protein Core Facility at Massachusetts General Hospital. For urinary cAMP measurements, the urine samples were collected at single time points at baseline and at 30, 60, and 120 minutes after injection. Urinary cAMP was measured by RIA, as described (22), and results were normalized by urinary creatinine (Stanbio). For analyzing PTH-induced changes in plasma phosphate, blood samples were collected before and 120 minutes after injection, by either tail vein or submandibular bleeding.
Statistical analysis
All data are presented as mean Ϯ SEM. Statistical significance for differences between groups was determined by 2-sided Student's t test, after identification and removal of outliers according to the Grubs test and the Robust regression and Outlier removal method. The densitometry analysis of Western blottings for Gs␣ protein was analyzed by using 1-sample t test. Statistical analyses were performed by using GraphPad Prism. P Ͻ .05 was considered statistically significant, and P Յ .10 and P Ն .05 were considered a tendency for the groups to be different.
Results
To investigate the role of Gs␣ in mediating the action of PTH in PT in vivo, we generated mice in which Gs␣ was conditionally ablated in this tissue. We took advantage of the Sglt2-Cre transgenic mice, which had been successfully employed for gene ablation in PT (37) (38) (39) . To determine the expression pattern of Cre in kidney, we crossed the Sglt2-Cre mice to the Rosa mT/mG reporter strain (40) . Cells in these mice express a membrane-localized form of red fluorescent protein, unless Cre is expressed, in which case they express a membrane-localized form of green fluorescent protein (GFP). The GFP expression, indicating the activity of Cre, was present mostly in the juxtaglomerular tubules, which comprise the convoluted portion of PT ( Figure 1) ; however, GFP expression was detected in few PTs located in the outer stripe of renal medulla, which comprise the straight portion of PT (Figure 1 ).
To ablate Gs␣ in PT, we crossed the Sglt2-Cre mice to mice homozygous for the floxed Gs␣ exon 1 allele and obtained double mutant offspring (Gs␣ Sglt2KO mice). PCR using DNA from different tissues of Gs␣ Sglt2KO mice and primers flanking the loxP sites generated an amplicon from the deleted allele in renal cortex, as well as renal medulla, but not in bone or a number of other tissues investigated; however, a faint PCR band was visible in DNA from brain ( Figure 2A ). To determine the extent of Gs␣ ablation in PT we fluorescently labeled these tubules by utilizing the Rosa tdTomato reporter strain, in which Cre activity results in the expression of the red fluorescent protein variant tdTomato (41). We measured Gs␣ mRNA levels in PT isolated by LCM of kidney sections from littermates expressing Sglt2-Cre and Rosa tdTomato in the absence (wild-type) or the presence (Gs␣ Sglt2KO ) of floxed Gs␣ exon 1 alleles. qRT-PCR analysis using total RNA obtained from these tubules showed that the abundance of Gs␣ mRNA in Gs␣ Sglt2KO mice was approximately 31% of that in control littermates ( Figure 2B ). Western blot analysis of proximal tubule enriched renal cortices showed that Gs␣ protein abundance in Gs␣ Sglt2KO mice was approximately 42% of that in control littermates (Figure 2, C and D) . Note that proximal tubule enriched cortices contain all PT segments, including S3, as well as contaminating endothelial cells (42) .
The ability of PTH to activate receptor signaling in PT can be assessed by measuring PTH-induced increase in Figure 1 . Sglt2-Cre recombinase activity is demonstrated in the renal cortex by using the Rosa mT/mG Cre reporter mice (Rosa mT/mG ;Sglt2-Cre mice). A and B, Low-magnification images of kidney transverse sections from 4-week-old Rosa mT/mG Cre reporter mice. In the absence of Cre, cells express red fluorescent protein, whereas the presence of Cre activity results in the expression of GFP. Boxes indicate the areas magnified in C and E. C, ϫ10 magnification of the cortical area marked in B. D, ϫ20 magnification of the area marked in C; asterisks indicate glomeruli; arrows indicate the Cre-positive S1 segments surrounding the glomeruli. E, ϫ10 magnification of the outer stripe area marked in B. F, ϫ20 magnification of the area marked in E; arrows point to S3 segments that lack Cre activity. Note that the red fluorescent protein is expressed in the basal and the apical membranes of an S3 tubule if Cre is not expressed. G and H, ϫ20 magnification of areas in the cortex; asterisks indicate the glomeruli; arrows point to the earliest portions of the S1 segments.
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urinary cAMP excretion (43) . The baseline urinary cAMP levels in Gs␣ Sglt2KO and control littermates appeared comparable (179.7 vs 157.5 nmol/mg creatinine, respectively). In control mice, PTH injection resulted in an approximately 4-fold increase in urinary cAMP level in 30 minutes, which declined to baseline by 60 minutes. In Gs␣ Sglt2KO mice, however, the PTH-induced urinary cAMP excretion was significantly blunted, as the PTH injection resulted only in an approximately 2-fold increase in urinary cAMP excretion in 30 minutes; the difference between the Gs␣ Sglt2KO and control littermates was statistically significant ( Figure 3A) . Reflecting the action of PTH in PT, PTH injection results in reduced plasma phosphate in mice (44) . The reduction of plasma phosphate 2 hours after PTH injection in Gs␣ Sglt2KO mice was approximately 30% of that in control mice (Ϫ0.39 Ϯ 0.33 vs Ϫ1.34 Ϯ 0.36 mg/dL, respectively); however, the difference did not reach statistical significance, P ϭ .07) ( Figure  3B ). PTH stimulates the promoter of Cyp27b1 via a mechanism involving cAMP generation (45) and, possibly, additional signaling pathways (16, 17) . However, Gs␣ Sglt2KO mice showed intact PTH-stimulated Cyp27b1 expression, as PTH injection increased the abundance of renal Cyp27b1 mRNA markedly and significantly over the baseline in both control (ϳ8-fold) and Gs␣ Sglt2KO littermates (ϳ6-fold) ( Figure 3C ). The levels attained after PTH injection in controls were not significantly different from those in Gs␣ Sglt2KO mice. Blood ionized calcium was significantly reduced and serum PTH was significantly increased in Gs␣ Sglt2KO mice compared with controls; however, serum phosphate, as well as the index of fractional phosphate excretion, was comparable between Gs␣ Sglt2KO and control littermates (Figure 4, A-D) . Gs␣ Sglt2KO mice also showed significantly reduced serum 1,25(OH) 2 D compared with control littermates ( Figure 4E ). We also measured the level of FGF23 to determine whether this phosphaturic agent, which also suppresses 1,25(OH) 2 D synthesis, may be involved in the development of these biochemical alterations. Serum FGF23 was higher in Gs␣ Sglt2KO mice than in control littermates, although statistical significance could not be reached (P ϭ .07) ( Figure 4F ). By and large, these findings were also true when males and females were analyzed separately (Figure 4, A-F) ; however, the difference in mean 1,25(OH) 2 D values was not statistically significant between female Gs␣ Sglt2KO and control mice ( Figure 4E ). We then quantitated the levels of transcripts regulated by PTH, 1,25(OH) 2 D, and FGF23 in PT. The abundance of Cyp24a1 mRNA (ϳ3.4-fold) was significantly elevated in Gs␣ Sglt2KO kidneys compared with controls, and the abundance of Cyp27b1 mRNA tended to be mildly elevated (ϳ1.8-fold; P ϭ .10). No significant differences were de- Gs␣ Sglt2KO show significantly reduced Gs␣ expression in PT. A, A duplex PCR was used to amplify the deleted Gnas exon 1 allele (deleted allele) together with a portion of the gene encoding ␤-globin (␤-globin) in genomic DNA (35 cycles of amplification was used). The positive control was from the tail of a mouse in which the paternal Gnas exon 1 was deleted universally through the same Cre/lox approach as in Gs␣ Sglt2KO . The other lanes were from different tissues of Gs␣ Sglt2KO mice (representative of 2 independent experiments). B, Gs␣ mRNA was analyzed by qRT-PCR using RNA isolated from proximal tubules by LCM. For LCM, the tubules were marked in the double mutant offspring of Sglt2-Cre and Rosa tdTomato mice, both of which were also heterozygous for the floxed exon 1 allele. Double transgenic offspring carrying homozygous floxed alleles (KO) was compared with double transgenic offspring carrying no floxed alleles (WT). n ϭ 3 per group. **, P Ͻ .01. C, Gs␣ protein level was examined in proximal tubule enriched renal cortices by Western blotting (representative data from 3 independent experiments). D, Densitometry analysis showing the reduction in Gs␣ protein level in Gs␣ Sglt2KO mice compared with control littermates (results from 3 independent experiments). n ϭ 4 per genotype; **, P Ͻ .01. Figure 5A ). In addition, Fgf23 mRNA abundance in bone was significantly higher in Gs␣ Sglt2KO than control littermates (ϳ11-fold), whereas the levels of Pth1r, Vdr, Tnfsf11 (receptor activator of nuclear factor -B ligand), and Tnfrsf11b (osteoprotegerin) mRNA were not significantly different ( Figure 5B ).
It has been reported that, similar to the findings in Gs␣ Sglt2KO mice, serum 1,25(OH) 2 D tends be reduced in E1 mϪ/ϩ mice (ie, PHP type-Ia mouse model) (33) . The E1 mϪ/ϩ mice, like Gs␣ Sglt2KO mice, exhibit significantly diminished Gs␣ levels in PT at age 2 months (23). We thus further investigated these mice and revealed that E1 mϪ/ϩ also showed significantly higher levels of serum FGF23 and renal Cyp24a1 mRNA (ϳ3.3-fold) than wild-type littermates ( Figure 6, A and B) . The abundance of Cyp27b1 mRNA was not significantly increased in E1 mϪ/ϩ kidneys ( Figure 6B ).
Discussion
In this study we ablated Gs␣ conditionally in the mouse PT to examine its role in mediating the action of PTH in this tissue. Our findings indicate that the loss of Gs␣ in PT results in PTH resistance in this tissue, leading to hypocalcemia and diminished serum 1,25(OH) 2 D with elevated serum PTH. The Gs␣ Sglt2KO mice also demonstrated significantly elevated renal Cyp24a1 mRNA abundance and tended to have increased serum FGF23 levels, phenotypic features that we also found in a mouse model of PHP type-Ia.
Sglt2 is expressed much more abundantly in the convoluted portion of PT including S1/S2 segments than in the straight portion including S3 segments (46 -48) , consistent with the expression profile of the Sglt2-driven Cre demonstrated in our study. Our PCR analyses showed some Gs␣ ablation in renal medulla. This finding likely reflects, based on our data obtained from Rosa mT/mG and Sglt2-Cre mice intercrosses, the activity of the Sglt2-Cre in few tubules in the straight portion of PT, as well as in some cells located in the inner stripe of renal medulla (see Figure  1 , E and F). Previous studies have shown that most molecules downstream of PTHR are located mainly in the convoluted PT. For example, PTH-induced adenylyl cyclase activity was found to be approximately 7-fold higher in the convoluted portion than in the straight portion (49) . Also, PTH-induced internalization of Npt2a is mostly detected in superficial S1 segments (50) . Consistent with these findings, our mouse model showed a blunted PTHinduced urinary cAMP excretion and a blunted PTHinduced reduction of plasma phosphate. Moreover, Gs␣ Sglt2KO mice displayed increased serum PTH but unaltered levels of renal Slc34a1 mRNA, the transcript en- Sglt2KO and control littermates after sc PTH(1-34) injection (50 nmol/kg). Urine was collected at each time point. The results were normalized by the baseline value in each experiment (control; n ϭ 10, 11, 10, 17; Gs␣ Sglt2KO ; n ϭ 13, 21, 17, 19 at each time point, *, P Ͻ .05). B, Serum phosphate level changes in control and Gs␣ Sglt2KO littermates 2 hours after sc PTH(1-34) (50 nmol/kg) (n ϭ 11 for control, n ϭ 17 for Gs␣ Sglt2KO ); P value, below the error bar. C, Renal Cyp27b1 mRNA abundance in control (n ϭ 3, vehicle; n ϭ 6, PTH) and Gs␣ Sglt2KO (n ϭ 5, vehicle; n ϭ 5, PTH) littermates 2 hours after sc PTH(1-34) (50 nmol/kg) injection; *, P Ͻ .05.
coding the Npt2a. This finding is also consistent with PTH resistance in PT, given that chronic exposure to PTH leads to diminished levels of the Npt2a transcript in kidney (11, 51) . In contrast, PTH-induced elevation of Cyp27b1 mRNA was intact in Gs␣ Sglt2KO mice, suggesting perhaps that the amount of Gs␣ remaining in PT is sufficient to mediate this action of PTH. It is also possible, however, that the induction of Cyp27b1 expression by PTH entails Gs␣-independent signaling mechanisms, as suggested previously (16, 17) . Alternatively, the acute action of PTH in this regard may take place in other portions of PT, such as in the straight tubule (S3 segment), or in the distal nephron. We found that 1,25(OH) 2 D levels are significantly reduced in Gs␣ Sglt2KO mice. Because these mice showed significantly elevated Cyp24a1 mRNA levels and tended to have mildly elevated Cyp27b1 mRNA levels, it appears likely that elevated Cyp24a1 expression is responsible for the reduced serum 1,25(OH) 2 D. PTH destabilizes Cyp24a1 mRNA via a Gs␣/cAMP-mediated mechanism (15) . Therefore, the elevation of renal Cyp24a1 mRNA in the presence of increased serum PTH is consistent with press.endocrine.org/journal/endo 503 PTH resistance in PT of Gs␣ Sglt2KO mice. A study, however, has shown that PTH/cAMP signaling can stimulate Cyp24a1 mRNA expression in renal distal tubular cells through up-regulation of vitamin D receptor (52), making it possible that elevated Cyp24a1 mRNA levels reflect the unimpaired action of PTH in the distal tubule. However, this possibility seems unlikely, because we found that Gs␣ Sglt2KO mice not only have reduced serum 1,25(OH) 2 D concentration but also show unaltered levels of Vdr mRNA in kidney.
The rise in bone Fgf23 mRNA in Gs␣ Sglt2KO mice is likely to be secondary to the inability of PTH to promote adequate phosphate excretion, although other mechanisms are also conceivable, including a direct effect of PTH on bone, as suggested by some studies (53, 54) . We do not have a clear explanation, however, for our finding that serum FGF23 is mildly and not statistically significantly elevated despite the marked increase in bone Fgf23 mRNA. This discrepancy may perhaps reflect the differences in sample collection. The mice were fasted overnight before blood draw for serum isolation, whereas food was available ad libitum until sacrifice for the removal of femurs. Nonetheless, the trend toward elevated serum FGF23 and the increased bone Fgf23 mRNA in Gs␣ Sglt2KO mice may suggest that FGF23 plays a role in the development of 1,25(OH) 2 D deficiency. For example, it is possible that an additional factor contributing to the increased renal Cyp24a1 mRNA abundance is FGF23, given that this hormone is a strong stimulator of Cyp24a1 expression (55) . Moreover, we found that renal Cyp27b1 mRNA levels in Gs␣ Sglt2KO mice are not significantly elevated, even though 1,25(OH) 2 D deficiency, like increased serum PTH, is a strong inducer of renal Cyp27b1 mRNA abundance (56 -58) . Given that FGF23 is also an inhibitor of Cyp27b1 transcription (55), it is tempting to speculate that this finding also reflects increased FGF23 action in the kidney combined with reduced 1,25(OH) 2 D and increased PTH actions. Further studies are needed to elucidate the role of FGF23 in this context. PHP type-Ib is caused by imprinting mutations of GNAS, the gene encoding Gs␣ and different splice variants, leading to Gs␣ deficiency solely in those tissues in which expression from the paternal Gs␣ allele is normally silenced (18 -20) . Among PTH responsive tissues, paternal Gs␣ silencing has been shown only in PT (59, 60) , and the primary defect in patients with PHP type-Ib is PTH resistance in this tissue. Hence, the Gs␣ Sglt2KO mice can be considered a model of PHP type-Ib, although patients with this disorder also demonstrate mild TSH resistance and, occasionally, AHO features, reflecting the existence of paternal Gs␣ silencing in certain other tissues (18 -20) . A mouse model of PHP type-Ib has been generated by introducing one of the previously described causative GNAS mutations into the mouse genome (22, 61) . Those mice also show hypocalcemia with elevated serum PTH, whereas their serum phosphate levels are modestly elevated (22) . The biochemical phenotype of Gs␣ Sglt2KO mice, including normophosphatemia, is similar to that of PHP type-Ia mice studied in this and other studies (30, 31, 33) , but some minor differences exist. The differ- mϪ/ϩ littermates; n ϭ 7 and 5 for Cyp24a1; n ϭ 7 and 7 for Cyp27b1, respectively. Measurements were done by using qRT-PCR relative to ␤-actin and normalized to values obtained from control littermates; *, P Ͻ .05; **, P Ͻ .01; NS, not statistically significant. , and Slc34a3 mRNA in control (n ϭ 7-8 for Cyp24a1 and Cyp27b1; n ϭ 4 for Vdr, Slc34a1, and Slc34a3) and Gs␣ Sglt2KO (n ϭ 9 -10 for Cyp24a1 and Cyp27b1; n ϭ 5 for Vdr, Slc34a1, and Slc34a3) littermates. B, Bone levels of Fgf23, Pth1r, Vdr, Tnfsf11, and Tnfrsf11b mRNA in control (n ϭ 8 for Fgf23; n ϭ 7 for the others) and Gs␣ Sglt2KO (n ϭ 8 for Fgf23; n ϭ 11 for the others) mice. Measurements were done by using qRT-PCR relative to ␤-actin and normalized to values obtained from control littermates; *, P Ͻ .05; NS, not statistically significant; P Յ .10 and P Ն .05 are shown above the datasets.
ences could be due, at least partly, to the genetic backgrounds in which these mouse models are maintained. In addition, Gs␣ haploinsufficiency may exist in bone and renal distal tubules of E1 mϪ/ϩ mice, contributing to the disruption in mineral ion metabolism. Consistent with a role for Gs␣ haploinsufficiency in the biochemical phenotype, mildly elevated serum PTH values were detected in mice heterozygous for paternal Gs␣ ablation (23, 30 (62) . Further investigations are needed to determine whether serum FGF23 is indeed elevated in PHP type-I patients and whether it contributes to the abnormal vitamin D metabolism in this disorder.
In summary, our study shows that Gs␣ is essential for the proximal tubular actions of PTH and that the loss of this signaling protein results in reduced serum 1,25(OH) 2 D with increased renal Cyp24a1 mRNA abundance.
